Introduction: This exploratory study characterized the performance of a nasal dilator strip with improved spring forces in lowering nasal resistance during sleep and reducing sleep-disordered breathing in subjects with difficulty sleeping due to chronic nocturnal nasal congestion. Methods: Subjects applied the strip at bedtime for 28 days (active phase; n = 70). Objective assessments included snoring variables, breathing route during sleep, and polysomnography measures compared with baseline. Nasal
INTRODUCTION
Nasal congestion is thought to be a leading symptom responsible for rhinitis-related sleep problems [1] [2] [3] . Nasal blockage interferes with the ability to fall asleep [4] and increases oral breathing during sleep [5] . Congestion is also a risk factor for snoring, unrefreshing sleep, obstructive sleep apnea, and excessive daytime sleepiness [4, 6, 7] . Increased nasal resistance is associated with snoring, upper airway resistance syndrome, and obstructive sleep apnea [1, [8] [9] [10] .
The Breathe Right Ò Nasal Strip (BRNS; GSK Consumer Healthcare, Warren, NJ, USA) is a noninvasive, drug-free nasal dilator device that provides rapid relief of nasal congestion [11, 12] . Applied externally to the bridge of the nose, the adhesive strip gently opens the nasal passages by pulling out on the nasal vestibule, expanding the cross-sectional area of the nasal valve region [13] . Along with relieving subjective feelings of congestion/obstruction, the BRNS reduces nasal airway resistance and improves inspiratory airflow during nasal breathing [14] [15] [16] [17] [18] [19] . Used during sleep, the original BRNS reduces the frequency, intensity, and volume of snoring [19] [20] [21] [22] ; improves sleep quality [20, 22, 23] ; and reduces insomnia [23] and daytime sleepiness [20, 21] .
A novel nasal dilator strip, asymmetrically shaped like a butterfly, was designed with improved spring forces compared with the original BRNS. Whereas the BRNS adheres to the nose flare and pulls out in a straight line across the nose, the asymmetric butterfly adheres to the cheek, enabling it to pull outward on multiple areas of the nose. This prototype is similar to the commercially marketed Breathe Right Ò Advanced strip (GSK Consumer Healthcare, Warren, NJ, USA). This exploratory study sought to characterize the performance of the butterfly-shaped prototype device in lowering nasal resistance during sleep and reducing signs, symptoms, and objective measures of sleepdisordered breathing in subjects with chronic nocturnal nasal congestion and difficulty sleeping due to their chronic nasal congestion.
METHODS

Study Design and Procedures
This was a baseline-controlled, stratified, 28-day study using a nasal dilator strip (active phase), followed by a two-night, randomized, crossover nasal resistance phase (ClinicalTrials.gov identifier: NCT03105297) conducted at Westmead Hospital, Westmead, New South Wales, Australia, over a 12-month period from September 2009 to August 2010. In-home measurement of the apnea-hypopnea index (AHI) was performed during the screening period using a portable polysomnography unit (Alice PDx, Philips Respironics, Amsterdam, The Netherlands) provided by the sleep laboratory. Subjects with an AHI C 30 events/h were excluded. Demographics, medical history, and anthropomorphic data were collected at screening, 1-28 days before the baseline visit. At that time, subjects also provided ratings of nasal congestion, rhinorrhea, nasal itching, and sneezing (scale of none, mild, moderate, or severe). Subjects completed the Functional Outcomes of Sleep Questionnaire (FOSQ) [24] , a 30-item, validated questionnaire that assesses the impact of excessive sleepiness on functional outcomes in five factors: activity level, vigilance, intimacy/sexual relationships, general productivity, and social outcome [25] ; the Epworth Sleepiness Scale (ESS) [26] ; and additional in-house questionnaires on sleep and snoring history. Acoustic rhinometry (Eccovision Acoustic Rhinometry System, Hood Laboratories, Pembroke, MA, USA) was performed at screening to measure the first two minimum cross-sectional areas and their corresponding nasal volumes in the anterior portion of the nose; distances of 0.5-3.0 cm into the nose were considered to represent the nasal valve region. Nasal endoscopy was performed to evaluate nasal septum, turbinates, meatuses, and nasal valve. The nasal vestibule wall elasticity method [27] was used to calculate the lateral nasal vestibule compliance (i.e., lateral nasal wall displacement measured on a linear scale per unit force, mm/g), derived by measuring the effect of the nasal dilator strip on nasal wall geometry. The investigator also assessed the cause of the nasal congestion. Inlaboratory full polysomnography (PSG) was performed on day 1 to confirm baseline AHI and other sleep variables. Subjects were then stratified by AHI score: 0-5 events/h, [ 5-15 events/ h, or [ 15 to \ 30 events/h. All subjects were treated with the prototype nasal dilator strip.
Subjects applied one strip at bedtime every night for 28 nights during the active phase. Study site personnel applied a strip to each subject on 1 of the 2 nights of the crossover nasal resistance phase. The strip was applied to the outer surface of the nose prior to bedtime as per the manufacturer's instructions. See electronic supplementary materials for additional details on the study design and procedures.
Ethical Considerations
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study. This study was reviewed and approved by Western Sydney Local Health District Human Research Ethics Committee.
Study Population
Potentially eligible subjects were recruited by hospital staff from general medicine clinics, the sleep clinic, and the general population via advertising. Eligible subjects were C 18 years of age, were in good general health, had leptorrhine noses (nasal tip protrusion index of C 45) with chronic nasal congestion nightly or nearly nightly for at least the last year, and experienced trouble with sleep. See electronic supplementary materials for additional inclusion and exclusion criteria.
Study Outcomes
Objective Assessments This study incorporated a number of objective assessments of snoring, sleep, and breathing during sleep. Snoring variables included number of snores per hour, percentage of sleep time spent snoring, and average and peak snore sound intensity. Breathing route during sleep was identified as nasal only or oronasal using a dual-channel thermistor. Sleep was assessed via PSG, and the following outcome variables recommended by the American Academy of Sleep Medicine [28] were measured: total sleep time, sleep onset latency, rapid eye movement (REM) latency, total non-REM sleep, total REM sleep, time awake after sleep onset, sleep efficiency, sleep architecture (percentage of time spent in each sleep stage: N1, N2, N3, and REM sleep) [28] , arousals, and oxygen desaturations.
Nasal Airflow Resistance Measurement
Posterior rhinomanometry was used to measure the difference in transnasal pressure between the nasopharynx and external nares before and after nasal strip application while awake. Posterior rhinomanometry utilized a nasal continuous positive airway pressure (CPAP) mask to measure nasal airflow and pressure at the nares and a sealed mouthpiece to measure mouth pressure as a reflection of posterior oropharyngeal pressure [17] . During sleep in the nasal resistance phase, nasal resistance was measured using a mask, transnasal pressure [with a pressure catheter placed (without anesthesia) in the posterior nasopharynx via the same nasal passage on both nights and connected to a pressure transducer], and a lightweight flow meter [29] . The mask used for this assessment was a modified nasal CPAP mask that featured a wide base to avoid skin/nose pressure in the nares area, thereby minimizing any impact on nasal resistance and the effect of the nasal dilator strip. Nasal airflow and transnasal pressure difference (nasopharyngeal pressure referenced to nasal mask pressure) were recorded continuously on a Compumedics E Series PSG monitoring system (Compumedics Limited, Abbotsford, Victoria, Australia). See electronic supplementary materials for additional study outcomes.
Subjective Assessments
Subjects rated nasal airway breathing on two 100-mm visual analog scales (VAS) with anchors for ''extremely difficult to breathe through my nose'' and ''extremely easy to breathe through my nose'' for one scale and ''nose is extremely blocked'' and ''nose is extremely clear'' for the other scale. The VAS ratings were recorded before and after nasal dilator strip application, in both sitting and supine positions, at baseline and nights 8 and 29.
Subjects also rated their breathing after application of the nasal dilator strip using an 11-point numerical scale from -5 (much worse) to 0 (same) to 5 (much better). This rating was made in the sitting and supine positions on nights 8 and 29.
On night 29, prior to sleep, subjects made global assessments of their experience with the nasal dilator strip compared with their sleep before study enrollment. For this assessment, subjects used a 5-point scale (-2 = much worse, -1 = somewhat worse, 0 = no change, 1 = somewhat improved, 2 = much improved) to rate each of the following: ease of breathing, staying asleep, falling back to sleep, waking up too early, number of awakenings, falling asleep, sleep quality, sleep depth, dry mouth upon awakening, morning headache, nocturia, and feeling refreshed in the morning. At night 29, subjects also repeated the ESS and FOSQ, results of which were compared with baseline.
Safety Outcomes
Treatment-emergent adverse events (TEAEs), defined as any untoward new conditions or exacerbation of existing conditions temporally associated with use of the nasal dilator strip, were graded for severity and assessed by the investigator as to relationship to treatment. Additional safety outcomes included serious TEAEs and incidents involving malfunction or deterioration in the characteristics and/or performance of the nasal dilator strip, or inadequacy in the labeling/instructions, that might have led to serious deterioration in health of the user.
Statistical Analyses
There were two analysis populations. The safety population consisted of all subjects who received the nasal dilator strips. The intent-totreat (ITT) population consisted of all subjects who completed at least one objective measurement at both baseline and post-baseline.
Performance was based on change from baseline (before strip application) in objective and subjective sleep measures after 1 week and 4 weeks of nightly use of the nasal dilator strip and described using descriptive statistics. Onesample t tests were used to test for changes from baseline at the 5% significance level for acoustic rhinometry, rhinomanometry, PSG measures during the nasal resistance phase only, and subjective ratings and questionnaires. An alternative one-sample Wilcoxon signed-rank test was used in cases where the normal distribution assumptions for a t test were not met. Correlations between objective and subjective sleep measures were calculated using Pearson's correlation coefficient and/or Spearman's rank correlation coefficient.
A mixed model with repeated measures, with treatment and period as fixed effects, subjects as a random effect, and time as a repeated measures effect, was used to analyze nasal resistance measurements over the multiple time points recorded during the night; P values were calculated for comparisons of asleep supine measurements made for the night with the strip versus the night without the strip. PSG results during the nasal resistance phase were also analyzed with a mixed model, with treatment and period as fixed effects and subject as a random effect. Nasal airflow resistance was calculated using the power function P TN ¼ aV TN b , where P TN = transnasal pressure, V TN = nasal airflow, and a and b are constants and was fitted to transnasal pressure-flow curves by the method of least squares. See electronic supplementary materials for additional statistical information.
No imputations were made for missing data or for subjects who discontinued prematurely.
RESULTS
Study Population
There were 103 subjects screened, of whom 91 had strip applications during the screening, baseline, and/or treatment phases (safety population). Seventy-one subjects had at least one baseline and postbaseline objective measurement (ITT population); one subject withdrew from the study, leaving 70 subjects who participated in the active phase and 55 in the nasal resistance phase (Fig. 1) . Distribution in each stratum did not go as planned: of the 70 subjects enrolled, 52/70 (74%), 14/70 (20%), and 4/70 (6%) subjects were enrolled in the AHI 0-5 events/h, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] events/h, and [ 15-\ 30 events/h groups, respectively. Therefore, subgroup analyses by AHI status were limited Fig. 1 Subject disposition. AE, adverse event because of the small number of subjects in the two higher strata.
The mean age of the ITT population was 48.5 years (range 20-77 years), and the majority of subjects were white (83%) and male (66%) ( Table 1) . Over 70% of subjects reported that they often or always snored; nearly 70% had never smoked, over 60% had never had a tonsillectomy or adenoidectomy, and almost all subjects did not take medicine to help them sleep ( Table 1 ). The majority of subjects had high levels of respiratory sleep disturbance, with 73.0% (51/70) experiencing [ 10 events/h on the Respiratory Disturbance Index (RDI). Nearly three-quarters of subjects (74%) reported moderate-to-severe nasal congestion, whereas other nasal symptoms were less common (sneezing, 25%; rhinorrhea, 19%; nasal itching, 15%). Nasal endoscopy revealed that 59% of subjects had nasal spurs, 48% had a moderately/severely deviated septum, 17% had moderate/severe turbinate enlargement, 13% had SD standard deviation moderate/severe nasal valve collapse, and 11.6% had nasal polyps.
Effect of the Nasal Dilator on Nasal Area, Volume, and Compliance (Screening Phase)
Nasal cross-sectional area and volume significantly (P \ 0.0001) increased by a mean of 0.59 cm (30%) and 0.90 cm 3 (22%), respectively, after application of the nasal dilator strip, with subjects awake and seated. After the strip was applied, mean [standard deviation (SD)] nasal wall compliance was 0.12 (0.06) mm/g. Primary Outcome: Nasal Resistance (Nasal Resistance Phase) Nasal resistance generally increased when going from awake and seated to awake and supine to asleep and supine ( Table 2 ). The nasal dilator strip reduced this increase in resistance. In the prespecified analysis of nasal resistance among those with nasal airflow rates of 0.2 l/s, median nasal airflow resistance was 21.7% lower while supine and asleep on the night with the strip (n = 22) compared with the night without the strip (n = 21); however, this difference was not statistically significant (P = 0.77). In the post hoc analysis of the larger subgroup of subjects who had nasal airflow rates of either 0.2 l/s or 0.25 l/s, median nasal airflow resistance while sleeping was 39.1% lower with versus without the strip, which was statistically significant (P = 0.048). Figure 2 shows mean nasal resistance over time from subjects who had at least one set of hourly data points for both observation nights (with and without the strip).
Other Objective Outcomes
There were no apparent changes in any snoring parameters (Table 3 ). There was a numerical trend suggesting a possible shift in breathing route from oronasal to nasal during both phases of the study (Table 3) ; however, statistical analysis of the data from the active phase by Table 4 . There were slight numerical trends toward a decrease in time awake after sleep onset, decrease in latency to REM sleep, increase in total REM sleep, and decrease in spontaneous arousals, likely attributable to the effect of the strip. Difference in wake after sleep onset did not reach statistical significance (Wilcoxon test P = 0.2751; two-sample t test P = 0.1364). (No statistical comparisons were made for the other outcomes.)
In the subgroup with AHI 0-5, the nasal dilator was associated with a reduction in the number of spontaneous arousals during the night, which decreased from a mean (SD) of 7.74 (4.11) at baseline to 5.81 (3.74) at night 8 and 6.15 (4.16) at night 29 of the active phase (P value not determined) and from 10.50 (7.22) on the night without the strip to 8.37 (6.47) on the night with the strip in the nasal resistance phase (P = 0.0235). The other AHI strata were not large enough to allow for any conclusions to be drawn.
During the nasal resistance phase, there were significantly fewer spontaneous arousals on the night with the strip compared with the night without the strip [mean (SD) 7.0 (6.2) vs. 8.7 (7.1) per hour, P = 0.014]. The other PSG outcomes showed no statistically significant differences on the night with the nasal dilator strip versus the night without the nasal dilator strip. Only 55 subjects entered the nasal resistance phase, and only subjects with data for both strip and no strip were used for the group means. ITT intent to treat, SD standard deviation
Subjective Measures (Active Phase Only)
The nasal dilator strip significantly improved VAS ratings for ease of breathing through the nose by 22.2% while sitting and 25.9% while supine, and how open the nose feels by 22.1% while sitting and 26.0% while supine (all P \ 0.0001). On the 11-point scale from -5 (much worse) to 5 (much better), mean (SD) ratings for ease of breathing after strip application were 3.2 (1.2) sitting and 3.1 (1.3) supine. All 12 global assessment items showed statistically significant improvements, particularly in subjective ratings of sleep-related symptoms, with the nasal strip compared with before the start of the study (Table 5) .
During use of the nasal dilator strip, there was a statistically significant 10% improvement from baseline in daytime sleepiness on the ESS (Table 6 ). There were no significant changes from baseline on the FOSQ scale total score (Table 6 ) or on any of the individual subscales.
Safety Results
A total of 31 subjects reported 48 TEAEs, most of which were mild to moderate in severity. One severe headache and one instance of severe pain at the nose (reported by the same subject) were highly probably related to the study strip. The most common TEAEs were nasopharyngitis (nine events), application site reactions (six events), sore throat (five events), and headache (five events in four subjects). The application site reactions consisted of a mark on the nose dB decibels, ITT intent to treat, PSG polysomnography followed by a sore nose and nose tender to the touch 3 days later in one subject, bruising across the bridge of the nose in one subject, and skin abrasion in one subject, all of which were considered highly probably related to treatment, and one subject had broken skin on the nose above the strip placement that was considered possibly related to treatment. All were AHI apnea/hypopnea index, ITT intent to treat, PSG polysomnography, RDI respiratory disturbance index, REM rapid eye movement, RERA respiratory effort-related arousal, SaO 2 blood oxygen saturation mild and resolved during the study. There was one serious TEAE of moderate Bell's palsy in a 50-year-old male with a benign history of herpes simplex virus infection more than 5 years prior to the study. The event, which was considered not related to the study treatment, occurred on day 12 of the active phase and resolved approximately 1 month after study completion. Three subjects discontinued treatment because of TEAEs: sunburn on the nose (n = 1), bronchitis (n = 1), and claustrophobia and difficulty breathing through the nose when the mask was in place during the nasal resistance phase of the study (n = 1).
DISCUSSION
The question of whether the prototype nasal dilator strip can reduce nasal resistance during sleep in persons with chronic nocturnal nasal congestion requires evaluation in a larger study with greater statistical power. In this exploratory study, the prototype strip produced a 21.7% reduction in nasal resistance at a flow rate of 0.2 l/s during sleep at night compared with no strip in subjects with leptorrhine noses who had chronic nocturnal nasal congestion and trouble with sleep. However, only about 22 subjects contributed data at that flow rate, and in this small population, the difference did not reach statistical significance. We conducted a post hoc analysis of nasal resistance in those who achieved flow rates of 0.2 or 0.25 l/s and found that in this larger group (about 37 subjects) nasal resistance was decreased by 39.1% with versus without the strip, which was statistically significant (P \ 0.05). However, we did Table 5 Global self-assessments of the nasal dilator strip during active phase compared with before study participation (ITT population)
Mean ( (Fig. 2) . Numerous previous studies of the currently marketed BRNS have found it to reduce nasal resistance while awake and upright as well as during exercise [14] [15] [16] [17] 19] . In addition, the prototype nasal dilator strip possibly countered the increase in nasal resistance that normally occurs when an individual goes from awake/seated to awake/ supine to asleep/supine. A previous study has also shown an increase in resistance when transitioning from sitting to supine [30] . Numerical trends were observed suggesting that the strip may affect some objective (PSG) measures of sleep, which warrant investigation in a larger trial with sufficient power for statistical analysis. These slight trends included decreases in total time awake after sleep onset and latency to REM sleep, increases in total REM sleep, and fewer spontaneous arousals during the active phase. There were significantly fewer spontaneous arousals on the night with the strip versus the night without the strip (P = 0.014), but no other significant differences in PSG measures were observed during the resistance phase. Given that nasal dilator strips are designed to improve airflow during nasal breathing, it is unclear why the strip would reduce spontaneous arousals but not respiratory arousals or respiratory effort-related arousals; it is possible that the reduction in spontaneous arousals was a spurious finding or that it stemmed from better sleep quality in follow-up laboratory PSGs because of subject familiarity. Results of previous studies using the original BRNS have produced inconsistent PSG findings. One study conducted in persons with nasal obstruction and sleep-disordered breathing found that the BRNS significantly reduced the RDI (-17%; P = 0.031) and the hypopnea index (-2.8; P = 0.013) [31] , whereas no improvements were seen in these outcomes in our study. One previous study found that the BRNS worsened some objective sleep measures on PSG, including sleep onset latency and some measures of sleep architecture [22] . Another PSG study conducted in habitual snorers with nasal obstruction found that the BRNS significantly improved sleep efficiency (total sleep time/time in bed-equivalent to reduced wake after sleep onset) but did not significantly affect other PSG measures including total sleep time, REM and non-REM sleep latency, sleep architecture, arousal index, or AHI compared with baseline or a placebo strip [19] .
The lack of benefit with regard to snoring observed in this study contrasts with results of previous studies using the BRNS, which all showed a reduction in snoring frequency and/ or intensity [19] [20] [21] [22] . It is unknown whether these contrasting results are due to differences in the nasal dilator strips, differences in the study designs and populations, or differences in measurement techniques of snoring.
The nasal dilator strip used in this study led to a numerical increase in the proportion of subjects using nasal, instead of oronasal, breathing over the course of the night, but the difference did not reach statistical significance. A small but statistically significant reduction in daytime sleepiness was observed, as measured subjectively by a mean change of 0.85 on the ESS. Given the small magnitude of this change and the fact that mean ESS scores both at baseline (8.6) and after 28 days of using the nasal dilator strip (7.4) were within the highnormal daytime sleepiness range, the clinical relevance of this finding is unclear [32] .
Subjective assessments of sleep showed significant improvements with the prototype nasal dilator strip (all P B 0.05). These included improvements in global assessments of ability to fall and remain asleep as well as sleep depth and quality; reductions in nocturnal awakenings or awakening too early; and feeling more refreshed in the morning. Daytime sleepiness was reduced based on the ESS. These findings are consistent with those of a previous openlabel study that reported significant improvements in subjective measures of sleep during use of the BRNS: in adults with a history of snoring, the BRNS reduced daytime sleepiness on the Stanford Sleepiness Scale (P \ 0.01); improved sleep quality; reduced number of awakenings and sleepiness upon awakening; and improved morning concentration (all P \ 0.05) [20] . However, while the global sleep assessments performed in the current study were all highly significant (P B 0.002), there is an apparent lack of correlation between these subjective findings and many of the objective (PSG) measures of sleep, as no significant improvements were detected via PSG, including for arousals per hour, sleep efficiency, and sleep onset latency.
The prototype nasal dilator strip was well tolerated. Four (5.7%) of the 70 subjects experienced mild application site reactions.
The study population was limited to those with leptorrhine noses who had chronic nasal congestion nearly nightly for at least a year as well as difficulty sleeping and excluded subjects with anatomic nasal airway obstruction. Therefore, the findings may not be generalizable to all persons with nocturnal nasal congestion and sleep difficulties. Additional limitations are that the small sample size limited statistical power and little is known about what magnitude of change is clinically meaningful for many of the study outcomes.
CONCLUSIONS
This was a small, open-label, uncontrolled, exploratory study, so results are only hypothesis generating. The results suggest that the prototype BRNS improved some subjective nasal and sleep symptoms without exerting a meaningful impact on objective sleep metrics. The effect of the intervention on nasal resistance while awake or asleep remains unclear. Considering the established link among nasal congestion, increased nasal resistance, and disturbed sleep, potential benefits of the prototype nasal dilator strip on both objective and subjective sleep outcomes suggested in this preliminary study should be evaluated further in a larger study with greater statistical power to detect differences, not only in nasal resistance but also in PSG outcomes, to determine whether a reduction in resistance translates into any clinically meaningful improvements in sleep outcomes. 
